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The longitudinal spin Seebeck effect (LSSE) in Pt/Y 3 Fe 50 i 2 (YIG) junction systems has been 
investigated at various magnetic fields and temperatures. We found that the LSSE voltage in a 
Pt/YIG-slab system is suppressed by applying high magnetic helds and this suppression is critically 
enhanced at low temperatures. The field-induced suppression of the LSSE in the Pt/YIG-slab 
system is too large at around room temperature to be explained simply by considering the effect 
of the Zeeman gap in magnon excitation. This result requires us to introduce a magnon-frequency- 
dependent mechanism into the scenario of LSSE; low-frequency magnons dominantly contribute to 
the LSSE. The magnetic field dependence of the LSSE voltage was observed to change by changing 
the thickness of YIG, suggesting that the thermo-spin conversion by the low-frequency magnons is 
suppressed in thin YIG films due to the long characteristic lengths of such magnons. 

PACS numbers: 85.75.-d, 72.25.-b, 72.15.Jf 


I. INTRODUCTION 


Magnons are collective excitations of spins in magnetic 
ordered states, the concept of which was first introduced 
by Bloch in order to explain the temperature dependence 
of magnetization in a ferromagnet [l|. In thermal equi¬ 
librium states, magnons behave as weakly interacting 
bosonic quasiparticles obeying the Bose-Einstein distri¬ 
bution: 
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where e is the magnon energy, /cb is the Boltzmann con¬ 
stant, and Tin is the magnon temperature. In soft mag¬ 
netic materials such as Y 3 Fe 50 i 2 (YIG) 0, magnons are 
easily excited by thermal energy since the magnon dis¬ 
persion is almost gapless except for a small gap due to 
the Zeeman effect and magnetic anisotropy 10“^ K 

for YIG @, 11 ). 

In the field of spintronics i i, magnons have at¬ 
tracted renewed attention, since they can carry a smn 
current without accompanying a charge current @, 11 . 
Importantly, a magnon spin current in a magnet can in¬ 
teract with a conduction-electron spin current in an at¬ 
tached metal at the metal/magnet interface via the in¬ 
terface exchange interaction, which is described in terms 
of the spin-mixing conductance @ 113 . By making use of 
this interaction, various spin-current-related phenomena 
have been developed, such as the spin pumping @. 12. ll. 
spin Seebeck effect (SSE) IldMssl . and their reciprocal ef¬ 
fects @[11. 


The SSE refers to the generation of a spin current as a 
result of a temperature gradient in a magnetic material. 
Here, the thermally generated spin current is detected as 


electric voltage (SSE voltage) via the inverse spin Hall 


effect (ISHE) m III lUldll in a paramagnetic metal 


attached to a magnet. The observation of the SSE in 
a ferrimagnetic insulator YIG 15|, ll7| implies that this 
phenomenon is attributed to nonequilibrium magnon dy¬ 
namics driven by a temperature gradient, since a con¬ 
duction electrons’ contribution in YIG is frozen out due 
to its large charge ga£. After the pioneering theoretical 
work by Xiao et al. |43l |. the SSE is mainly described in 
terms of the effective magnon temperature in a fer- 
rimagnet and effective electron temperature Te in an at¬ 
tached paramagnetic metal; when the effective magnon- 
electron temperature difference is induced by an exter¬ 
nal temperature gradient, a spin current is generated 
across the ferrimagnet/paramagnet interface. Adachi et 
al. developed linear-response theories of the magnon- and 
phonon-mediated SSEs [Sjibjl . Subsequently, Hoffman 
et al. formulated a Landau-Lifshitz-Gilbert theory of the 
SSE to investigate the thickness dependence and length 
scale of the SSE In 2014, Rezende et al. discussed 
the SSE in terms of a bulk magnon spin current created 
by a temperature gradient in a ferrimagnetic insulator 


3lj. However, microscopic understanding of the relation 


between the magnon excitation and thermally generated 
spin currents is yet to be established, and more system¬ 
atic experimental studies are necessary. 

A clue to understand a role of magnons in SSE already 
manifested itself in magnetic-field-dependence measure¬ 
ments. In Ref. [ 2 ^ we showed that the magnitude of 
the SSE voltage in paramagnetic-metal (Pt, Au)/YIG- 
slab junction systems gradually decreases with increas¬ 
ing the magnetic field after taking its maximum value 
at room temperature [see Fig. [Ijb)]. This suppression 
of the SSE voltage becomes apparent by applying high 
magnetic fields, while it is very small in the conventional 
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FIG. 1: (a) A schematic illustration of the LSSE in the Pt/YIG sample and experimental setup used in the present study. The 
sample is sandwiched between two sapphire plates (1) and (2). The temperatures of the sapphires (1) and (2) were respectively 
stabilized at T and T + AT, where AT (> 0) is a temperature difference. VT, V, H, M, Eishb, and Js denote the temperature 
gradient along the +z direction, electric voltage between the ends of the Pt layer, magnetic field vector with the magnitude 
H, magnetization vector with the magnitude M, electric field induced by the ISHE, and spatial direction of the thermally 
generated spin current, respectively. (b),(c) H dependence of the transverse thermopower S in the Pt/YIG-slab sample at T = 
300 K, measured when H was swept between ±90 kOe (b) and ±5 kOe (c). (d) H dependence of V in the Pt/YIG-slab sample 
at r = 300 K for various values of AT. (e) AT dependence of V in the Pt/YIG-slab sample at T = 300 K at H = 1.8 kOe 
(closed circles) and 80 kOe (open triangles). 


SSE measurements in a low field range [see Fig. [He)]. 
The SSE suppression by high magnetic fields is irrele¬ 
vant to the anomalous Nernst effect due to static prox¬ 
imity ferromagnetism in Pt (dsj j since the same behavior 
was observed not only in Pt/YIG-slab systems but also 
in Au/YIG-slab systems (note that Au is free from 
the proximity ferromagnetism). Although this result im¬ 
plies that the SSE is affected by a magnon gap opening 
due to the Zeeman effect, there was no detailed discus¬ 
sion on the high-magnetic-field behavior of the SSE. In 
this study, using Pt/YIG systems, we systematically in¬ 
vestigated effects of high magnetic fields on the SSE at 
various temperatures ranging from 300 K to 5 K. We also 
report the YIG-thickness dependence of the SSE voltage 
and its suppression at high magnetic fields. The results 
suggest an important role of excitation of low-frequency 
magnons with long characteristic lengths in the SSE, pro¬ 
viding an important step in unraveling the nature of the 
SSE. 


II. EXPERIMENTAL CONFIGURATION AND 
PROCEDURE 

Experiments on the SSE have been performed mainly 
in a longitudinal configuration owing to its simplicity 
[E finl - l^ . and we also employ this configuration in 
this study. Figure [Ija) shows a schematic illustra¬ 
tion of the longitudinal SSE (LSSE). In the longitudi¬ 


nal configuration, when a temperature gradient, VT, is 
applied to a paramagnetic-metal/ferrimagnetic-insulator 
junction system perpendicular to the interface, a spin 
current is thermally generated in the paramagnetic layer 
along the VT direction. The spin current is converted 
into an electric field Eishe by the ISHE in the paramag¬ 
netic layer if the spin-orbit interaction of the paramagnet 
is strong [see Fig. (Ha)]. When the magnetization M of 
the ferrimagnet is along the x direction, Eishe is gener¬ 
ated in the paramagnet along the y direction following 

Eishe = (0shp)Js x ct, (2) 

where 0 sh, P^ Js, and cr are the spin Hall angle, electric 
resistivity, spatial direction of a spin current, and spin- 
polarization vector of electrons (| | M) in the paramagnet, 
respectively. Therefore, the LSSE can be detected elec¬ 
trically by measuring electric voltage IdsHE (= TisheTj,) 
in the paramagnetic metal layer, where Tishe is the mag¬ 
nitude of Eishe and Ly is the length of the paramagnetic 
layer along the y direction. 

To investigate the high-magnetic-field behavior of the 
LSSE, we used Pt/YIG junction systems, which are now 
recognized as a model system for studying spin-current 
physics The sample used in the present study con¬ 

sists of a 5-nm-thick Pt film sputtered on the whole of 
the (111) surface of a single-crystalline YIG slab or film. 
The Pt films were formed on all the YIG samples at the 
same time. The YIG slab has no substrate, of which the 


























3 



FIG. 2: Atomic force microscope images of the surface of the 
YIG-slab (a) and YIG-film (b) samples, where the surface 
roughness Ra, is less than 0.3 nm for both the samples. All 
the YIG-film samples with the different thicknesses were pre¬ 
pared under the same growth condition by means of a liquid 
phase epitaxy method. After the growth, their surfaces were 
mechanically polished under the same condition; all the YIG 
films have similar surface roughness. 


lengths along the x, y, and 2 ; directions are = 2.0 mm, 
Ly = 4.0 mm, and Lz = 1.0 mm, respectively. To mea¬ 
sure the thickness dependence of the LSSE, we prepared 
three YIG films with the thicknesses of tyiG = 10.42 /im, 
1.09 ^m, and 0.31 /im, grown on the whole of single¬ 
crystalline Gd 3 Ga 50 i 2 (GGG) (111) substrates by a liq¬ 
uid phase epitaxy method [llj. All the YIG films were 
prepared under the same growth condition. The GGG 
substrates with the YIG films were then cut into a rectan¬ 
gular shape with the size of = 2.0 mm, Ly = 4.0 mm, 
and Lz = 0.5 mm. Before forming the Pt films, the sur¬ 
face of the YIG slab and films were mechanically polished 
with alumina powder with the diameter of 0.05 /im; the 
resultant surface roughness of the YIG slab and films are 
very small and comparable to each other as shown in the 
atomic force microscope images in Fig. 

In Fig. [3l we show the temperature T dependence of 
the magnetization M for the YIG slab at H = 1.8 kOe 
[Fig. [31(a)] and for the YIG films at H = 0.3 kOe [Figs. 
|3l(b)-|3l(d)]. Here, the M values for the YIG films were 
obtained by subtracting the contributions from the para¬ 
magnetic GGG substrates. As T decreases, the M values 
monotonically increase and approach ~ 5 /ie, with /iB 
being the Bohr magneton, at the lowest temperature in 
all the YIG samples, consistent with the literature value 
( 4 ^ . We found that the observed T dependence of M 
follows the Bloch law [Ij: 

M = Mo(l - CT^/^), (3) 

where Mq is the saturation magnetization at T = 0 K 
and C is a constant. By fitting the experimental data 
with Eq. ©, we obtained the similar fitting parameters 
(4.97 fiB < M < 5.07 fiB and 5.20 x < C < 

5.83 X 10“® for all the YIG samples, indicating 

that the magnetic property of our YIG samples is almost 






FIG. 3: T dependence of M for the YIG-slab sample with 
tviG = 1 mm (a) at H — 1.8 kOe and in the YIG-film sam¬ 
ples with tviG = 10.42 /tm (b), 1.09 /tm (c), and 0.31 ym (d) 
at H — 0.3 kOe, measured with a vibrating sample magne¬ 
tometer. Here, tviG is the thickness of YIG. At H — 1.8 kOe 
(0.3 kOe), the magnetization of the YIG slab (YIG films) is 
aligned along the H direction. The M values for the YIG 
films were extracted by subtracting the contributions from 
the paramagnetic GGG substrates. The M data for the YIG 
films were detectable only for T > 15 K because of the large 
paramagnetic offset coming from the GGG substrates. The 
solid lines were obtained by fitting the observed M-T curves 
with Eq. (|3|). 


the same irrespective of the YIG thickness. 

In the LSSE measurements, to apply VT, the sam¬ 
ple was sandwiched between two sapphire plates (1) and 
(2) [see Fig. (Ha)]. The sapphire (1) is thermally con¬ 
nected to a heat bath of which the temperature T was 
controlled and varied in the range from 300 K to 5 K. By 
applying a charge current to a chip heater attached on 
the top of the sapphire (2), its temperature is increased. 
To improve the thermal contact, thermal grease was ap¬ 
plied between the sample and sapphire plates thinly and 
uniformly. The temperature difference AT between the 
sapphire (1) and (2) was measured with two thermocou¬ 
ples. Here, we note that the temperature gradients in 
the sapphire plates are negligibly small since the thermal 
conductivity of sapphire is much greater than that of YIG 
and GGG at all the temperatures 13, 5l|. We also note 
that, since the applied AT is much smaller than T in all 
the measurements [the inset to Fig. iTja)], the LSSE can 
be discussed within a linear-response regime [see Figs. 
Hd) and (He)]. We confirmed that unintended temper¬ 
ature differences due to thermal artifacts are negligibly 
small in our measurement system in all the temperature 
range by checking that the LSSE disappears at AT = 0 K 
before each measurement. A uniform external magnetic 
field H was applied along the x direction by using a su- 
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perconducting solenoid magnet, where the maximum H 
value was 90 kOe. When H > 1 kOe (0.15 kOe), the 
magnetization of the YIG slab (YIG films) is well aligned 
along the H direction. We also confirmed that, in the 
range of —90 kOe < H < 90 kOe, the magnetoresistance 
ratio of the chip heater is < 0.03 % in all the temper¬ 
ature range and the H dependence of AT is negligibly 
small. Under this condition, we measured a DC electric 
voltage difference V between the ends of the Pt layer of 
the Pt/YIG-slab and Pt/YIG-film samples. Hereafter, 
to quantitatively compare the temperature dependence 
of the voltage signals in different samples, we mainly plot 
the transverse thermopower S = {V/AT){Lz/Ly). 


III. RESULTS AND DISCUSSION 


Now we start by presenting the experimental results 
of the LSSE in the Pt/YIG-slab sample. Figure lUJa) 
shows 5" as a function of H for various values of T, mea¬ 
sured when H was swept between ±90 kOe. When VT 
is applied to the sample, a clear S signal appears due 
to the LSSE and its sign is reversed in response to the 
magnetization reversal of YIG. We found that, in the 
Pt/YIG-slab sample, the magnitude of the S signal is 
suppressed by applying high magnetic fields at all the 
temperatures from 300 K to 5 K, while the magnitude of 
M at each temperature is almost constant after the sat¬ 
uration [compare Figs. lUJa) and|4l[b)]. This suppression 
cannot be explained by the normal Nernst effect in 
the Pt film since the S signal in a Pt/GGG-slab sample, 
in which the YIG slab is replaced with a paramagnetic 
GGG slab, is much smaller than the H dependence of the 
LSSE [see Fig. EKa)]. The similar H dependence of the 
LSSE voltage was found to appear even when the thick¬ 
ness of the Pt layer is changed and when the Pt layer is 
replaced with a different metal [2^, indicating that the 
magnetic-field-induced suppression of the LSSE in the 
Pt/YIG-slab sample is attributed to the YIG layer, not 
the paramagnetic metal layer. 

In Fig. [5l we show the T dependence of S at the posi¬ 
tive H values and of the magnetic-field-induced suppres¬ 
sion of S in the Pt/YIG-slab sample. When the sample 
temperature is decreased from 300 K, the magnitude of S 
monotonically increases and reaches its maximum value 
around T = 75 K [see Fig. [5][a)]. On decreasing the 
temperature further, the S signal begins to decrease and 
goes to zero. This T dependence of the LSSE with peak 
structure is qualitatively consistent with previous results 
2l|,[31|. Importantly, as shown in Fig. [5l[b), the suppres¬ 
sion of the LSSE thermopower Jlsse also exhibits tem¬ 
perature dependence in the Pt/YIG-slab sample, where 
(5lsse is defined as (^max - 5'80kOe)/*S'max with S'^ax and 
S'sokOe respectively being the S values at the maximum 
point and at iL = 80 kOe. We found that the suppression 
of the LSSE in the Pt/YIG-slab sample is almost con- 
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FIG. 4: (a) H dependence of S in the Pt/YIG-slab and 
Pt/GGG-slab samples for various values of T, measured when 
H was swept between ±90 kOe. (b) H dependence of M of 
the YIG slab for various values of T, measured with a vibrat¬ 
ing sample magnetometer. 


stant (20 % < Slsse < 25 %) above 30 K and strongly 
enhanced below 30 K; the ^lsse value in the Pt/YIG-slab 
sample reaches ^70 % at T = 5 K [see Fig. EKb)]. 

The critical field-induced suppression of the LSSE at 
low temperatures below 30 K is seemingly consistent with 
conventional SSE models combined with the effect of the 
Zeeman gap in magnon excitation. In the conventional 
formulation (45l - l47i the LSSE voltage I4sse is ex¬ 
pressed as the following factor related to the magnon 
excitation: 


pOO 

U:.SSE c>c / de e iD(e, i7)[/BE(e, Pm) —/BE(ej Ue)] 


poo 

/ dee'D{e,H) 
J qpibH 


dfsE 


dT„ 


(4) 


Tm=T 


where D(e, iJ) is the density of states of magnons in the 
ferrimagnetic insulator. To obtain the differential form in 
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FIG. 5: (a) Double logarithmic plot of the T dependence of S 
in the Pt/YIG-slab sample at iF = 1.8 kOe (closed circles) and 
80 kOe (open triangles), (b) T dependence of the suppression 
(Ilsse of the LSSE voltage by magnetic fields in the Pt/YIG- 
slab sample (circles). Here, 5lsse = (5max — 5'8okOe)/5'max 
with 5'max and SsokOe respectively being the S values at the 
maximum point and at // = 80 kOe. A gray line shows the 
T dependence of 5lsse calculated numerically from Eq. ® 
based on the conventional formulation (see Appendix). 


Eq. O, we assume that the modulation of the effective 
temperatures induced by the external temperature gradi¬ 
ent is very small (Tm ^ and |'rm(e)~2^l as demon¬ 
strated in Ref. We numerically calculated the right- 
hand side of Eq. (|1|) by assuming the density of states of 
parabolic exchange magnon modes: 'Dq^c — gfJ-BH with 
the amplitude Pq, energy e, (j'-factor g (= 2.0 for YIG), 
and Bohr magneton /re, where the magnon gap due to 
the Zeeman effect is described as gg-eH. This parabolic 
dispersion well reproduces the magnon band structure 
of YIG in the low-energy range {T < 30 K) [^. In 
Fig. [SKb), we compare the T dependence of dnsSE in the 
Pt/YIG-slab sample with that calculated from Eq. (|1]); 
below 30 K, the observed and calculated (5lsse values 
agree with each other within the difference of 10 % (see 
Appendix). 

The inconsistency between the observed suppression of 
the LSSE voltage and the conventional formulation be¬ 
comes apparent with increasing the temperature. Equa¬ 
tion dH) shows that the suppression of Vlsse at T = 300 K 
is smaller than 2 % even under the high magnetic fields, 
which is much smaller than the experimental results as 
shown in Fig. [SKb) (dnsSE ^ 25 % at 300 K). This is 


because the small Zeeman energy is defeated by ther¬ 
mal fluctuations when gg-sH <C A:bT (note that the 
magnon gap energy at 7L = 80 kOe corresponds to 
ggBH/kB = 10.7 K <C 300 K); to affect the magnon 
excitation by magnetic fields, the magnon energy has to 
be comparable to or less than the Zeeman energy in the 
conventional model. In contrast, the observed large sup¬ 
pression of the LSSE voltage in the Pt/YIG-slab sam¬ 
ple indicates that the magnon excitation relevant to the 
LSSE is affected by magnetic helds even at around room 
temperature, suggesting that low-frequency magnons of 
which the energy is comparable to the Zeeman energy 
(less than ~ 30 K) provide a dominant contribution to 
the LSSE. 

The importance of low-frequency magnons in the 
mechanism of the LSSE is clarified by focusing on their 
length scale. It is notable that magnons with low fre¬ 
quencies exhibit long thermalization (energy relaxation) 
lengths 55-^, where magnons cannot be thermalized 
within the range less than the thermalization lengths. 
In the Pt/YIG systems under a temperature gradient, 
magnons can deviate from local thermal equilibrium, and 
the deviation becomes grea ter for magnons with longer 
thermalization lengths [55| . The frequency depen¬ 
dence of the magnon thermalization lengths indicates 
that low-frequency magnons with long thermalization 
lengths play a central role in the nonequilibrium states 
between magnons in YIG and electrons in Pt at the 
Pt/YIG interface. In contrast, the contribution from 
high-frequency magnons of which the energy is much 
greater than the Zeeman energy is expected to be weaker 
since they are closer to local thermal equilibrium due to 
their short thermalization lengths 56l-l59l|. This spectral 


non-uniformity of the thermo-spin conversion can be re¬ 
sponsible for the unexpectedly strong suppression of the 
LSSE voltage in the Pt/YIG-slab sample, an interpre¬ 
tation consistent with other fragmentary pieces of infor¬ 
mation m, in, m • Although the conventional SSE 
theories do not include this magnon-frequency-dependent 
mechanism, similar non-local nature has been introduced 
for phonon-electron systems as the concept of “spectral 
non-uniform temperature” in Ref. 0- 

To verify the above scenario, we investigated the YIG- 
thickness dependence of the high-magnetic-field response 
of the LSSE. Because of the long-range nature of low- 
frequency magnons, the spectral non-uniformity of the 
thermo-spin conversion should affect the LSSE in terms 
of the thickness of YIG. In Fig. Ha), we compare the 
H dependence of S in the Pt/YIG-slab and Pt/YIG- 
film samples with different YIG thicknesses (tyiG = 
10.42 /im, 1.09 /im, and 0.31 ^m) at T = 300 K. Al¬ 
though we observed clear LSSE signals in all the samples, 
the magnitude of the LSSE thermopower monotonically 
decreases with decreasing tyiG- This behavior is consis¬ 
tent with the experimental results reported by Kirihara 
et al. and Kehlberger et al. 381 [see Fig. Ht>)] 
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FIG. 6: (a) H dependence of S in the Pt/YIG-slab sample 
with the YIG thickness of Iyig = 1 nim and in the Pt/YIG- 
film samples with Iyig = 10.42 fim, 1.09 and 0.31 jj,m at 
T — 300 K, measured when H was swept between ±90 kOe. 
(b) tviG dependence of 5'max at T = 300 K. (c) Iyig depen¬ 
dence of 5lssb at T = 300 K. 


61j . This tyiG dependence suggests that the magnon 


excitation relevant to the LSSE is limited by the bound¬ 
ary condition in the thin YIG films. Significantly, we 
found that the suppression of the LSSE by high magnetic 
fields, (5lsse, also monotonically decreases with decreas¬ 
ing tyiG [Fig. inic)]; in the thinnest Pt/YIG-film sample 
with tyiG = 0.31 /im, the LSSE signal is almost constant 
for H > 0.05 kOe (dnsSE 1 % even at iL = 80 kOe) 
[Fig. ini[a)]. Similar behavior was reported in Ref. [SOj. 
This thickness dependence indicates that the contribu¬ 
tion of low-frequency magnons, which govern the LSSE 
suppression in the Pt/YIG-slab sample, fades away in 
the Pt/YIG-film samples when the YIG thickness is less 
than their thermalization lengths [o^; because the long- 
range magnons cannot recognize the local temperature 
gradient in thin YIG films, such magnons are no longer 
in non-equilibrium. In this condition, the LSSE suppres¬ 
sion becomes small since only remaining high-frequency 
magnons with the short thermalization lengths, which 
have energy much greater than the Zeeman energy, con¬ 
tribute to the LSSE. 


Finally, we show the T dependence of the LSSE ther¬ 
mopower in the Pt/YIG-slab and Pt/YIG-film samples 
for various values of fyiG [13 • As shown in Figs, [^c)- 
[Tje), in the thin Pt/YIG-film samples, no suppression of 
the LSSE appears even at low temperatures that satisfy 
the condition g^,^H ^ feeT, which is also inconsistent 
with the conventional formulation described by Eq. 
(note that, although S in the thin Pt/YIG film samples 


with tyiG = 0.31 and 1.09 /xm slightly increases with 
increasing H at low temperatures, this behavior is at¬ 
tributed to the superposition of the iJ-linear component 
of the transverse thermoelectric voltage). The H depen¬ 
dence of the LSSE voltage in the thin Pt/YIG-film sam¬ 
ples can be explained by the T dependence of the magnon 
thermalization lengths; since the thermalization length, 
in general, increases with decreasing T M, the 

proportion of the low-frequency magnons, affected by 
the boundary, to the total magnon population should 
increase at low temperatures. This interpretation is in 
qualitative agreement with the tyiG dependence of the 
LSSE; we found that the magnitude of S monotonically 
decreases with reducing tyiQ in all the temperature range 
[Fig. [TKa)] and the dependence on fyic of S becomes 
stronger at lower temperatures [Fig. [TKf)]. These re¬ 
sults demonstrate again the importance of low-frequency 
magnons with long characteristic lengths in the mecha¬ 
nism of the LSSE. 

At the end of this section, we mention a remaining 
task of the LSSE research. As shown in Fig. [TKa), the 
peak position of S shifts from low to high temperatures 
as tyiG decreases. To understand the origin of the YIG- 
thickness-dependent peak shift and peak structure of the 
LSSE voltage, not only magnon effects [3l|, [^ but also 
phonon effects ^ [^ should be taken into account in 
the mechanism of the LSSE; the separation and quan¬ 
titative evaluation of these contributions are necessary. 
An indispensable requirement for obtaining the complete 
understanding of the temperature dependence of the 
LSSE is the precise determination of the temperature- 
gradient distribution in YIG-film/GGG-substrate sys¬ 
tems, which enables the quantitative investigation of the 
YIG-thickness dependence of the LSSE. A challenge for 
the quantitative evaluation of the temperature distribu¬ 
tion in LSSE devices is already in progress [65 1. 


IV. CONCLUSION 

In this study, we have investigated temperature 
and thickness dependencies of high-magnetic-field re¬ 
sponse of the longitudinal spin Seebeck effect (LSSE) in 
Pt/Y 3 Fe 50 i 2 (YIG) junction systems. The experimen¬ 
tal results show that the LSSE signal is suppressed by 
applying high magnetic fields at the temperatures rang¬ 
ing from 300 K to 5 K and this suppression is enhanced 
with decreasing the temperature in the Pt/YIG-slab sys¬ 
tem. The suppression of the LSSE appears even when 
the magnon gap induced by the Zeeman effect guBH is 
much less than the thermal energy k^T, suggesting that 
low-frequency magnons with energy comparable to or less 
than the Zeeman energy provide a dominant contribution 
to the LSSE rather than the higher-frequency magnons. 
This spectral non-uniformity of the thermo-spin conver¬ 
sion is associated with the characteristic lengths of the 
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FIG. 7: (a) T dependence of S in the Pt/YIG-slab sample at H — 1.8 kOe and in the Pt/YIG-film samples at H — 0.3 kOe. 
At H = 1.8 kOe (0.3 kOe), the magnetization of the YIG slab (YIG films) is aligned along the H direction, but the field- 
induced suppression of the LSSE is negligibly small. The inset to (a) shows the T dependence of AT applied during the LSSE 
measurements, (b) Comparison between the T-S curves at H = 1.8 kOe (closed circles) and 80 kOe (open triangles) for the 
Pt/YIG-slab sample with tviG = 1 mm. (c)-(e) Comparison between the T-S curves at H — 0.3 kOe (closed circles) and 
80 kOe (open triangles) for the Pt/YIG-film samples with tviG = 10.42 pm (c), 1.09 pm (d), and 0.31 pm (e). (f) Double 
logarithmic plot of the tviG dependence of S in the Pt/YIG-slab sample (Pt/YIG-film samples) at H = 1.8 kOe (0.3 kOe) for 
various values of T. 


LSSE since the LSSE signal and its magnetic field depen¬ 
dence are strongly affected by the thickness of YIG. We 
anticipate that the comprehensive LSSE data reported 
here fill in the missing piece of the mechanism of the 
LSSE and lead to the development of theories of spin- 
current physics. 

Closing remarks: Recently, Jin et al. (^ . Ritzmann 
et al. |67|, and Guo et al. [6^ also reported the high- 
magnetic-field dependence of the LSSE in Pt/YIG sys¬ 
tems. The experimental results and basic interpretation 
of these studies are consistent with those of the present 
study. 
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APPENDIX: NUMERICAL CALCULATION OF 
EQUATION dH) 

To clarify the H dependence of the LSSE voltage Ulsse 
described by the conventional formulation, we numeri¬ 
cally calculated the right-hand side of Eq. (jd]). For sim¬ 
plicity, we assume that magnons have a parabolic disper¬ 
sion relation, where the density of states of magnons is 
affected by the Zeeman energy [^. As shown in Fig. 
[SKa), the magnon gap opening due to the Zeeman effect 
is much smaller than thermal energy near room tempera¬ 
ture even when the high magnetic field of iL = 80 kOe is 
applied. Figure [5Kb) shows the calculation results of the 
H dependence of Ulsse for various values of T. We found 























FIG. 8: (a) Parabolic dispersion relations of magnons a.t H = 
0 kOe and 80 kOe in units of the magnon frequency / (= 
uj/2n) and corresponding temperature hui/kB. The parabolic 
magnon dispersion includes the Zeeman gap: fkd — Da^k^ + 
qUbH, where uj is the angular frequency, k is the magnon 
wavenumber, a is the lattice constant of YIG (= 12.376 A) 
[^ . and D is the spin-wave stiffness constant. Here, we use 
Da^ = 4.2 X 10“^® erg cm^ [s^, H^. (b) H dependence of 
Vlsse for various values of T, calculated from Eq. ®. 


that, although Vlsse described by Eq. 0 is suppressed 
by magnetic fields at low temperatures, the suppression 
around room temperature is much smaller than the ob¬ 
served H dependence of the LSSE for the Pt/YIG-slab 
sample [compare Figs. 4(a) andjlKb)]. In Fig. EDb), we 
plot the T dependence of dpsSE calculated from Eq. 0, 
which is defined as (IA'sIe “ 1^lsse®)/^lsse with El'sse 
and Elsse*^ respectively being the Vlsse values at the 
maximum point and at = 80 kOe, indicating that the 
inconsistency between the experimental results and Eq. 
dl]) increases with increasing T. As discussed above, the 
small suppression of Vlsse is attributed to the large en¬ 
ergy difference between gfJ-BH and fcBE, showing the im¬ 
portance of low-frequency magnons in the mechanism of 
the LSSE. Finally, we note that the integrand of Eq. 0 
consists of cP/be, while that of the magnon number is 
2^ /be alone; since the factor e in the integrand of Eq. 0 
eliminates the singularity of /be at e = 0, the calculated 
values do not reach IAsse = 0 even when q^bH > /cbE 
[see Fig. EKb)]. 
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